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ABSTRACT 
TOXICOLOGICAL EVALUATION OF p, p-DDT AND ITS ANALOGS ON THE 
CALCIUM CHANNEL OF THE CILIATE ORGANISM PARAMECIUM 
TETRAUREL1A 
SEPTEMBER 2000 
KOSEA S. FREDERICK, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor J. Marshall Clark 
The chlorinated hydrocarbon insecticide, DDT, is an extremely persistent 
environmental contaminant that is slowly metabolized to DDD and DDE in vivo and in 
soils, respectively. The sites of action of DDT are primarily on voltage-sensitive sodium 
channels, ATPases and the estrogen system. Recently, Juberg et al, (1995) has shown 
that the p, p’-DDT metabolite, p, p’-DDD, had the ability to increase intracellular 
calcium concentration via voltage-sensitive calcium channels in rat myometrial smooth 
muscle. 
In the present thesis research, the aquatic ciliate organism Paramecium 
tetraurelia, which does not possess a voltage-sensitive sodium channel, is used to assess 
the effects of p, p’-DDT, its structural analogs (p, p’-DDD, p, p’-DDE), and their 
positional isomers (o, p’-DDT, o, p’-DDD and o, p’-DDE) on the T-type voltage- 
sensitive calcium channel associated with its cilia. 
Using mortality bioassays with P. tetraurelia in the presence of p, p’-DDT, its 
structural analogs and positional isomers, we determined that p, p’-DDT is the most toxic 
IV 
isomer, p, p’-DDT elicited a mortality response that was significantly more potent than 
the ethanol treatment at concentrations as low as 10*10 M in depolarizing buffer. To 
confirm that p, p’-DDT and its structural analogs were affecting the voltage-sensitive 
calcium channel of P. tetraurelia, behavioral bioassays based on backward swimming 
were conducted, p, p’-DDT and its structural analogs were determined to be agonists at 
the voltage-sensitive calcium channel of P. tetraurelia due to increased backward 
swimming response following treatment. To further confirm that intracellular Ca2+ 
([Ca2+]j) was increased, the Ca2+-specific fluorescent probe fura-2 was used to 
ratiometrically quantitate the [Ca2+]i. Again, p, p’-DDT was determined to be the most 
potent treatment resulting in significantly increased Ca2+ flux at concentrations as low as 
1CT10 M. 
To further determine the effects of DDT analogs on cellular processes, 
phospholipase C activity, which is known to be regulated by the binding of GPy-subunits 
of heterotrimeric G-proteins to the P-subunit of PLC, was examined, p, p’-DDT (10 7 M) 
was found to significantly increase phospholipase C activity over ethanol treatment in 
disrupted ciliary vesicles. With this and other evidence provided by Symington et al., 
(1999a, b), it is likely that p, p’-DDT, like lR-deltamethrin, may be altering the function 
of voltage-sensitive calcium channels of P. tetraurelia by directly interfering with GPy 
modulation of channel kinetics or indirectly by up regulation of GPy-dependent 
phospholipase C activity and subsequent enhancement of channel phosphorylation by 
protein kinase C. 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS.....iii 
ABSTRACT............iv 
LIST OF TABLES.........x 
LIST OF IGURES..........xi 
CHAPTER 
1. INTRODUCTION..........1 
1.1 General Paramecium Biology.............1 
1.2 Backward Swimming Behavior..........4 
1.3 Overview of p, p’-DDT and Its Analogs....6 
1.4 Fluorescent Spectrophotometry.........11 
1.5 Modulation of Voltage-sensitive Calcium Channels by G-proteins ... 13 
2. MATERIALS AND METHODS..........15 
2.1 Chemicals...............15 
2.2 Culturing of Paramecium......15 
2.3 Cell Density.......16 
2.4 Mortality Bioassay ........17 
2.5 Behavioral Bioassay..................17 
2.6 Whole Cell Ca2+ Influx Assay...18 
2.7 Fura-2 Calibration .. 19 
2.8 Protein Determination ........20 
2.9 Isolation of Cilia..........21 
2.10 Ciliary Vesicle Preparation ......22 
2.11 Ciliary Vesicle Ca2+ Influx Assay...23 
2.12 Fura-2 Calibrations for Ciliary Vesicles...23 
2.13 Statistical Analysis of Fura-2 Data............24 
2.14 Membrane Depolarization...25 
2.15 Calculation of Membrane Potential.........26 
2.16 Phospholipase C (PLC) Activity Assay..27 
3. RESULTS...................29 
3.1 Mortality Bioassay ..29 
3.2 Backward Swimming Bioassay...35 
3.3 Whole Cell Ca2+ Influx.. 39 
VI 
3.4 Vesicle Ca2+ Influx Assay.44 
3.5 Membrane Depolarization.48 
3.6 Phospholipase C Activity Assay.51 
4. DISCUSSION.53 
5. CONCLUSION.63 
APPENDIX: ABBREVIATIONS.65 
BIBLIOGRAPHY.66 
vii 
LIST OF TABLES 
Table Page 
1. Time to Mortality Versus Log Dose Response Relationship of P. tetraurelia in 
Insecticide Bioassay with Depolarizing Buffer........32 
2. Effects of p, p’-DDT and its Structural Analogs on the Calcium Influx into 
Ciliary Vesicles of P. tetraurelia.. . . 45 
3. Membrane Potential of P. tetraurelia Treated with p, p’-DDT, its Structural 
Analogs and Positional Isomers as Measured using Rhodamine 6G...51 
4. The Effects of p, p’-DDT, its Structural Analogs, Positional Isomers and U73122 
on the Phospholipase C (PLC) Activity in Disrupted Ciliary Vesicles..52 
5. Summary of Potency and Effectiveness of p, p’-DDT, its Structural Analogs and 
Positional Isomers in Mortality, Backward Swimming, Whole Cell and 
Vesicle Ca2+ Influx Assays with P. tetraulia.. . . ,.55 
Vlll 
LIST OF FIGURES 
Figure 
1. The organochlorine insecticide p, p’-DDT, its structural analogs and 
positional isomers.................^ 
2. Time to mortality versus dose response relationship of P. tetraurelia to 
p, p’-DDT under resting and depolarizing conditions.......30 
3. Graphical representation of selected time to mortality versus log dose response 
relationship of P. tetraurelia to p, p’-DDT, its structural analogs and positional 
isomers under depolarizing conditions for potency and relative effectiveness 
considerations.............33 
4. Backward swimming response of P. tetraurelia in the presence of p, p -DDT, 
its structural analogs and positional isomers under depolarizing conditions.36 
5. Representative spectrofluorometric recording of internal free [Ca ] ([Ca ]i) 
of wild-type cells of P. tetraurelia as measured by fura-2... 40 
6. Dose response relationship of p, p’-DDT, its structural analogs and positional 
isomers on intracellular Ca2+ influx as measured by fura-2 in wild-type 
P. tetraurelia ..............42 
7. Comparative effects of p, p’-DDT and its structural analogs at 10 8 M on Ca2+ 
influx in whole cells and ciliary vesicles of wild-type P. tetraurelia as 
determined by fura-2 ratiometric analysis.........46 
8. Representative spectrofluorometric recording of membrane potential in 
wild-type whole cell of P. tetraurelia as measured with rhodamine 6G ..49 
IX 
CHAPTER 1 
INTRODUCTION 
1.1 General Paramecium Biology 
Paramecium, a unicellular diploid eucaryotic ciliate, is a giant (-100 jll) among 
the microbial community. It is visible with the naked eye and its behavior can be 
assessed under a low power microscope (Jennings, 1906; Saimi & Kung, 1987). In 
nature, Paramecium plays a central role in detritus-based food chains in estuary and 
aquatic environments. Paramecium and other ciliates usually feed on bacteria that 
consume decomposed organic matter by sweeping microbes into its food vacuoles using 
cilia associated with its oral groove (Wichterman, 1986). Paramecium are consumed in 
turn by other protozoan and a variety of aquatic metazoan organisms (Wichterman, 
1986). Because of its key position in the detritus-based food chain, the reduction or loss 
of Paramecium and other ciliates due to environmental contaminants will have a serious 
detrimental effect on aquatic/estuary ecosystems. 
Paramecium is the most primitive organism that possesses voltage-sensitive 
calcium channels (Ehrlich et al., 1988). It, however, does not posses voltage-sensitive 
sodium channels. Voltage-sensitive calcium channels reside exclusively in the surface 
membrane covering the cilia (Machemer & Ogura, 1979; Dunlap, 1977). Because of its 
large size and mobility, Paramecium is an extremely useful and robust animal behavior 
model. Paramecium has a well-regulated calcium homeostasis, similar to other 
i 
organisms, but has a unique response to environmental stimuli called the avoidance 
l 
reaction, which elicits backward swimming that is controlled by Ca2+ influx via the 
voltage-sensitive calcium channels associated with the cilia (Jennings, 1906). 
Fascination with Paramecium behavior has resulted in a huge volume of literature 
dealing with Paramecium genetics, behavior, physiology (including electrophysiology), 
biochemistry and toxicology. Due to extensive genetic research, mutants are available 
for various cellular functions. Specifically, there are ion channel mutants, such as fast-2 
that do not posses a calcium-dependent sodium channel (Kung, 1971a, Kung, 1971b), 
paranoiacs that demonstrate repeated and prolonged action potentials and have larger 
Ca2+-activated Na+ currents (Kung, 1971a; Kung, 1971b), pawns that do not posses 
functional voltage-sensitive calcium channels (Kung, 1971a; Chang & Kung, 1973; 
Chang et al., 1974), dancers that posses enhanced Ca2+ current (Hinrichsen & Saimi, 
1984a; Hinrichsen et al., 1984b), restless that causes the resting membrane to be 
dependent on external potassium (K+) (Richard et al., 1985), pantophobiacs that lack a 
Ca2+-activated K+ current (Saimi et al., 1983; Hinrichsen et al, 1985) and a TEA 
insensitive mutant that has a increased Ca2+-activated K+ current (Chang & Kung, 1976). 
Paramecium have calmodulin- (Kung et al, 1992) and protein phosphatase-1 activities 
(Klumpp et al, 1990; Friderich et al., 1992), which have resulted in many calmodulin 
mutants (Kung et al., 1992). Additional biochemical research has lead to the finding of 
inositol polyphosphates (Freund et al, 1992), Ca2+-dependent protein kinases (Lewis & 
Nelson, 1981), adenylate cyclase (Schultz & Klumpp, 1983), cyclic AMP and cyclic 
GMP (Schultz & Klumpp, 1983), Ca2+-dependent phosphorylation (Bonini, 1987), 
phosphodiesterases (Von Hirschhausen, 1986), cyclic AMP - dependent protein kinases 
(Lewis & Nelson, 1980; Schultz & Jantzen, 1980), cyclic GMP -dependent kinases 
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(Miglietta & Nelson, 1988) and phosphoprotein phosphatases (Lewis & Nelson, 1981; 
Hinrichsen & Schultz, 1988) in Paramecium. Recent investigations on the genomics, 
proteinomics and molecular biology of these organisms will allow future understanding 
of these chemotaxis interactions on Paramecium at the molecular level (Van Houten, 
1994). 
The swimming behavior of P. tetraurelia has been studied extensively. The 
power stroke of the cilia beats in an anterior to posterior manner and propels a normally 
swimming cell in the forward direction (Satir, 1973). The forward swimming 
Paramecium rotates on its long axis in the form of spirals due to the wavelike, 
metachronic, beating of the somatic cilia. The axoneme, which is a 9 + 2 arrangement of 
paired microtubules, is attached at the proximal end to the Paramecium body. There are 
9-4- 
dynein contractile proteins that posses Mg -dependent ATPase activity associated with 
tubulin proteins. Dyneins are believed to hydrolyze ATP to ADP, which results in the 
mechanochemical energy transduction that allows the microtubules to slide by each other 
and results in the wave-like undulations of the cilia in swimming Paramecium. 
The biophysical and pharmacological properties of ciliary voltage-sensitive 
calcium channels of Paramecium are well understood (Bernal et al., 1991). Ehrlich et 
al., (Ehrlich et al., 1984; Ehrlich et al., 1988) found that the calcium channel in 
Paramecium has a small conductance, is inactivating, is not highly sensitive to 
dihydropyridines and appears to be most similar to the mammalian T-type calcium 
channels. Using established calcium channel agonists and antagonists, Symington et al., 
(1999a) also concluded that the calcium channel of P. tetraurelia is most like the 
mammalian T-type channel because of its high sensitivity to Ni2+ and its insensitivity to 
3 
amiloride and octanol. Recent toxicological investigations established that Paramecium 
are exquisitely sensitive to pyrethroids at concentrations in the 10‘10M range (Clark et al., 
1995). Paramecium are easily and cheaply reared for toxicological and behavioral 
evaluation and provide the necessary numbers for robust statistical treatment necessary in 
environmental monitoring (Clark et al., 1995). 
1.2 Backward Swimming Behavior 
The increased duration of backward swimming by Paramecium when stimulated 
by a high K+ solution is directly correlated to an increase in the amplitude of the Ca 
current via the voltage-sensitive calcium channel (Haga et al., 1982). The correlation 
between backward swimming and the amplitude of the Ca2+ current indicates that 
backward swimming behavior in Paramecium may be used as a rapid and simple 
bioassay to evaluate the effects of a toxicant on the activity of the ciliary voltage- 
sensitive calcium channel (Bernal et al., 1991). 
In favorable environments, Paramecium swims in the forward direction but 
contact with unfavorable stimuli causes it to stop, backward swim, spin approximately 
180° and swim away from the source of distress in a normal manner. The four major 
stimuli that causes Paramecium to swim backwards are: 1) thermal (Hennessey et al., 
1985); 2) chemical (Van Houten et al., 1988); 3) mechanical (Machemer, 1988) and 4) 
ionic (Machemer, 1988). Backward swimming behavior is one of three avoidance 
reactions used by Paramecium when it encounters adverse environmental stimuli. 
Paramecium achieves backward swimming by reversing the power stroke of its cilia 
usually for 1-2 sec (Jennings, 1906). Following backward swimming, the next behavior 
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in the avoidance reaction is a spin, which causes the cell to spin through an angle of less 
than 180° by looping its anterior end about in a large circle and swimming away in the 
forward direction (Jennings, 1906). Thus, the total avoidance reaction encompasses 
backward swimming, spinning and looping behaviors. 
Under high K+ depolarizing conditions, these behaviors can be prolonged for 
experimental observations and quantification. The sudden reversal of cilia power stroke 
that gives rise to backward swimming is dependent on a Ca action potential via voltage- 
sensitive calcium channels associated with the ciliary membrane (Kung et al., 1975). 
Upon depolarizing stimulus, ciliary voltage-sensitive calcium channels open and give rise 
to a depolarizing Ca2+ action potential, which subsequently results in a transient increase 
in intracellular Ca2+ concentration (Kung et al., 1975). The activation and inactivation 
gating processes of voltage-sensitive calcium channels of Paramecium, which produces 
the Ca2+ action potential, are similar to those processes that occur for voltage-sensitive 
calcium and sodium channels of other organisms (Dunlap, 1977). Thus, the membranes 
and electrogenic channels of Paramecium have the same basic properties as neurons, 
sensory cells, and other excitable cells in higher organisms (Dunlap, 1977). 
The inward Ca2+ current is localized to the ciliary membrane of Paramecium 
(Dunlap, 1977). The sudden rise in intraciliary Ca2+ concentration causes the cilia to 
reverse their direction of beating (Hennessey, 1989). The opening of voltage-sensitive 
calcium channels causes the rising phase of the action potential and the falling phase is 
due to a combination of channel inactivation and activation of the delayed-rectifying K+ 
channel (Hennessey, 1989). The calcium action potentials in Paramecium are graded 
responses depending on the strength of the depolarizing stimulus. 
5 
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Paramecium are capable of cellular adaptation after swimming backwards for tens 
of seconds in high K+ solutions even though the membrane potential remains depolarized 
(Hennessey, 1989). The prolonged depolarization causes inactivation of the voltage- 
sensitive Ca channel, which decreases the inward Ca current. Eventually, the rate of 
2~i~ o i 
Ca removal exceeds the rate of influx and the internal Ca concentration falls below a 
level to permit forward swimming again (Hennessey, 1989). 
j 
1.3 Overview of p, p’-DDT and Its Analogs 
1,1,1 -trichloro-2,2-di (4-chlorophenyl) ethane (DDT) was first synthesized in 
1874 by Ziedler, a German graduate student, but it was not until 1938 that the Swiss 
chemist, Paul Muller, discovered its insecticidal property. In most vertebrates including 
humans, p, p’-DDT (figure 1A), the main component of technical grade DDT, is initially 
metabolized to either l,l-dichloro-2,2-bis (p-chlorophenyl) ethylene (p, p’-DDE, figure 
1C) or 1,1-bis (p-chlorophenyl)-2,2-dichloroethane) (p, p’-DDD, figure IE) (Smith, 
1991). Technical grade DDT also contains l,l,l-trichloro-2- (o-chlorophenyl)-2-(p- 
chlorophenyl) ethane (o, p’-DDT, figure IB), o, p’-DDT is metabolized to 1,1-dichloro- 
2- (o-chlorophenyl)-2-(p-chlorophenyl) ethane (o, p’-DDD, figure ID) and 1,1-dichloro- 
2- (p-chlorophenyl)-2-(o-chlorophenyl) ethylene (o, p’-DDE, figure IF), p, p’-DDD is 
found also as a minor component of the technical DDT formulation (approximately 
0.3%) (Juberg et al., 1995). 
Typically, DDT exposure will induce tremors in muscles of the head and neck, 
tonic and clonic convulsions, and cardiac and respiratory failure, followed by death. 
DDT has an estimated oral acute lethal dose (LD50) of 500 mg/Kg body weight (white 
6 
rats), which induces death 2-24 hrs after ingestion. DDT was widely utilized from 1940 
to 1960 as an insecticide for control of vector borne diseases such as malaria, typhus, 
yellow fever and sleeping sickness (Fund, 1997). Today, DDT has been banned in most 
developed countries but is still been used widely in some developing countries for control 
of vector borne diseases. DDT and its metabolite DDE 
p, p’-DDT 
p, p’-DDE 
B 
Cl 
H 
// \_<L_y \ 
CC13 
-Cl 
o, p’-DDT 
D Cl 
// \ 
H 
I 
-C- // \ •Cl 
CHC12 
o, p’-DDD 
F 
Cl 
o, p’-DDE 
Figure 1. The organochlorine insecticide p, p’-DDT, its structural analogs and positional 
isomers. 
were determined to be very persistent in the environment (Cooke & Stringer, 1982) and 
biomagnify in aquatic ecosystems (Smith, 1991). Although DDE is not considered 
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neurotoxic, it is still of environmental importance because it induces egg shell thinning in 
some birds, particularly predatory birds (Provini & Galassi, 1999). The detrimental 
effects of p, p’-DDE on eggshell glands seems to be unique in that structurally-related 
compounds, such as o, p’-DDE, p, p’-DDT, o, p’-DDT, and p, p’-DDD, are not similarly 
active (Provini & Galassi, 1999). 
DDD, however, is neurotoxic and induces motor unrest, increased spontaneous 
movements and fine tremors, which increase to course tremors and then to convulsions 
(Juberg et al, 1995). DDD has an acute oral LD50 value of 3400 - 4000 mg/Kg body 
weight for rat (Smith, 1991). 
o, p’-DDT, an isomer of DDT, constitutes 11-29 % of technical grade DDT. It is 
a side product of DDT synthesis but is not insecticidal, o, p’-DDT, however, increases 
spontaneous rat uterine contractions in vitro and spontaneous contractions in pregnant rat 
uterine strips ex vivo (Juberg & Loch-Caruso, 1991; Juberg & Loch-Caruso, 1992). 
DDT and its analogs are relevant environmental contaminants to study because of 
their wide distribution and persistence in the environment, p, p’-DDD and p, p’-DDE are 
of significant importance because they are the main metabolites of p, p’-DDT present in 
soils and in vivo, respectively. Cooke et al, (1982) summarized the fate of p, p’-DDT 
and its analogs in soil from 1972-1979 following DDT application to an orchard in 1969. 
Soil residues of p, p’-DDT, o, p’-DDT and p, p’-TDE (DDD) decreased gradually over 
time whereas those of p, p’-DDE increased (Cooke & Stringer, 1982). The time required 
for 50 % decrease in concentration was estimated at 11.7 years for p, p’-DDT, 3.3 years 
for p, p’-TDE and 7.1 years for o, p’-DDT (Cooke & Stringer, 1982). They concluded 
that p, p’-DDE had an estimated doubling time of 9.1 years (Cooke & Stringer, 1982). 
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Additionally, DDT was not been lost via volatilization or runoff (Cooke & Stringer, 
1982). Using a regression analysis, they determined that the sum of the two major 
components, p, p’-DDT plus p, p’-DDE was not decreasing with time (Cooke & Stringer, 
1982). 
Years of research on the mechanisms of insecticidal activity of DDT have 
characterized it primarily as a voltage-sensitive sodium channel agonist. However, recent 
research by Juberg et al., (1995) on rat, found that DDT modifies cellular calcium 
regulation and increases intracellular free calcium concentrations in smooth muscle, 
stimulates phosphorylation of the contractile myosin protein, which then initiates cellular 
contraction. Additionally, Juberg et al., (1995) demonstrated that DDT (technical grade) 
and p, p’-DDT inhibits sarcoplasmic reticulum Ca2+- Mg2+- ATPase and plasma 
membrane Ca2+- ATPase in various tissues. Additional sites of action for DDT include 
voltage-sensitive calcium channels (Clark et al., 1995), Ca2+-ATPase (Matsumura & 
Ghiasuddin, 1979; Ghiasuddin & Matsumura, 1979a), Ca2+-Mg2+-ATPase (Ghiasuddin & 
Matsumura, 1982; Clark & Matsumura, 1982; Duce et al, 1999), calmodulin and protein 
kinase-phosphatase (Hagmann, 1984; Rashatwar & Matsumura, 1985), Na+/Ca2+ 
exchange system (Rashatwar & Matsumura, 1985) and Na+-K+-Mg2+-adenosine 
triphosphatase (Matsumura & Patil, 1969). 
Estrogen, androgen and progesterone are hormones that function as ligand- 
dependent transcription factors, which activate or repress transcription of target genes and 
also control a variety of functions such as development, behavior, and sexual function. 
Estrogenic compounds bind to estrogen receptors in estrogen responsive cells and disrupt 
cellular differentiation and subsequent development. Rising concerns about increased 
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incidences of reproductive disorders, falling human sperm counts, infertility, and cancers 
of the breast, uterus, and prostate have focused research on environmental contaminants 
that may affect the endocrine system by interacting with these steroid receptors (Colbom 
et al., 1993). The estrogen and androgen receptors have high affinity for their respective 
ligands, but there are a variety of environmental contaminants that also bind to these 
receptors and affect the binding of their respective endogenous ligands. These 
environmental contaminants produce both agonistic and antagonistic effects at the 
androgen or estrogen receptors. Although o, p’-DDT is not considered to be acutely 
toxic, it appears to be the primary estrogenic component of technical grade DDT (Palanza 
et al, 1999) by binding to the estrogen receptor (Juberg & Loch-Caruso, 1992; Colbom 
et al., 1993; Safe, 1995; Cooper & Kavlok, 1997; Turner & Sharpe, 1997). 
p, p’-DDE, the main in vivo metabolite of DDT, has little estrogenic activity 
(Palanza et al., 1999), is present in birds eggs at concentrations of 65 - 4500 jLtg/ Kg dry 
weight (Provini & Galassi, 1999) and has antiandrogenic activity (Kelce et al., 1995; 
(Kelce et al., 1997; Maness et al., 1998; Schrader & Cooke, 2000). Likewise, o, p’-DDT, 
o, p’-DDE, o, p’-DDD, p, p’-DDT, p, p’-DDE, and p, p’-DDD are antagonists at the 
androgen receptor. Based on the reproductive effects of p, p’-DDT and its analogs, we 
can construct an order of o, p’-DDT being most efficacious and followed by p, p’-DDE, 
o, p’-DDD, o, p’-DDE, p, p’-DDT and p, p’-DDD. 
The extremely high sensitivity of P. tetraurelia to persistent toxic 
bioaccumulative substances (PTBs), such as DDT, DDT analogs, pyrethroid insecticides, 
and trace metals (e.g., cadmium, aluminum, and nickel) make the selection of this 
organism to study the effects of environmentally relevant concentrations of 
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contamination appropriate and possible (Clark et al., 1995). It also is important to 
evaluate low concentrations of toxicants because residues of some industrial chemicals 
are extremely water-insoluble and tend to accumulate in hydrophobic environments 
including body fat, where they become available for bioconcentration, bioaccumulation 
and in the case of DDT, biomagnification in which Paramecium may play a key role in 
aquatic ecosystem. This aspect becomes particularly relevant when dealing with 
chlorinated environmental contaminants and insecticides, such as DDT, which are known 
to be very persistent, hydrophobic and lipophilic. 
1.4 Fluorescence Spectrophotometry 
Fluorescence is a molecular process in which the emission of electromagnetic 
radiation results from the absorption of radiation from an extra-molecular source 
(Grynkiewicz et al., 1985). The useful wavelength range of electromagnetic radiation for 
fluorescence encompasses the near ultraviolet through visible light. Fluorescent probes 
have been used in two major ways for studying cell biology. The first allows the location 
and quantity of particular cellular structures and the second allows the quantitation of the 
parameter of interest within cellular compartments and to continuously monitor how this 
parameter changes with various manipulations. To use fluorescent probes for biological 
applications, at least one of the following three properties are necessary; 1) a change in 
fluorescence yield, 2) a shift in the excitation or 3) emission spectrum. Most fluorescent 
probes have the ability to be measured at two wavelengths. The dual wavelength 
approach makes it possible to calculate the proportion of dye in one of two forms, such as 
li 
bound to Ca2+ versus free of Ca2+, from the ratio of fluorescence at two wavelengths 
(Grynkiewicz et al., 1985). 
Most fluorescent indicators for Ca2+ have been modeled after the Ca2+ chelator, 
ethyleneglycol-bis- ((3-aminoethylether) N,N,N,N,’ -tetraacetic acid (EGTA), which has 
selectivity for Ca2+ five to six orders of magnitude over Mg2+ (Grynkiewicz et al., 1985). 
The tetracarboxylic acid Ca2+ binding site of EGTA is retained in the structure of 
fluorescent Ca2+ dyes and additional groups have been added that have fluorescent 
reporting properties (Grynkiewicz et al., 1985). It is now possible to measure the 
fluorescence when the probe is bound to Ca2+ or free. When Ca2+ is bound, it withdraws 
the lone-pair electrons from the nitrogen in the aromatic ring of the dye, which results in 
altered fluorescence. The affinity for binding Ca2+ can be increased or decreased by 
modifying the aromatic nucleus to make it more or less electron withdrawing. Although 
EGTA is specific for Ca , it is possible to bind Mn2+, Zn2+, Fe2+ and other divalent 
transition metal ions, which are present in low concentrations in cells. To correct for this, 
the fluorescent dye being used is excited at wavelengths that are specific for Ca2+ 
interaction. 
When loading the Ca2+ indicators into cells, the membrane permeant esters are 
utilized. This can be accomplished by incubating cells with the esterified form of the 
indicator dissolved in dimethyl sulfoxide (DMSO) with 2 % bovine serum albumin 
(BSA). Loading is approximately 50 % efficient so BSA is used to improve 
solubilization of the dye. The esters are neutral, hydrophobic and readily cross cell 
membranes. To avoid cell damage due to the toxicity of the ester, the fluorescent probe 
is diluted with loading buffer after the proper incubation time. Once in the cytosol, 
12 
endogenous esterases cleave the ester and activate the Ca indicator. Excess dye is 
washed out of the preparation and intracellular Ca2+ concentration can be measured 
ratiometrically. 
The cell permeable fluorescent dye, fura-2AM, was chosen for whole cell calcium 
measurements because it is 30 times more fluorescent than quin-2, has a higher affinity 
for Ca2+ than Mg2+ and can be used in the micromolar concentration (quin-2 is used at the 
millimolar concentration). In vesicle experiments, the cell impermeable form of fura-2 
was trap-loaded in order to measure calcium influx. Fura-2 also can be measured at 380 
nm (Ca2+-free) and 340 nm (Ca2+-bound), which allow quantitation of intracellular 
calcium using the ratiometric method of Grykiewicz et al., (1985). 
1.5 Modulation of Voltage-sensitive Calcium Channels by G-proteins 
u 
It is well established that the non-hydrolyzable GTP analog, GTP-y-S, produces 
persistent G-protein activation due to its resistance to the hydrolytic action of GTPase 
associated with the a-subunit and Bemal et al, (1991) first presented evidence that 
showed the regulation of calcium channels in Paramecium by guanine nucleotides via G- 
protein modulation. GTP-y-S induced cells to backward swim for at least 900 sec upon 
depolarization with high potassium (Bemal et al., 1991). Similarly, Symington et al., 
(1999b) found that ciliary vesicles in the presence of the non-hydrolyzable GTP analog, 
GTP-y-S, and deltamethrin resulted in a 100-fold increase in Ca2+ influx compared to the 
ethanol treatment. This is a significant difference in that deltamethrin (10'7 M) alone 
only stimulated a 12-fold increase in Ca2+ influx (Symington et al., 1999b). In a similar 
experiment Symington et al, (1999b) also reported that the non-hydrolyzable GDP 
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analog, GDP-P-S, produced no significant increase in Ca2+ influx as compared to ethanol 
treatment. 
To further demonstrate the effects of p, p’-DDT and analogs at the calcium 
channel we decided to look at the effects on the second messenger system, specifically 
PLC activity in disrupted ciliary vesicles. Recent studies by Paquette et al., (in press) 
have found evidence of an endogenous lipase in the membranes of P. tetraurelia. While 
using exogenous phosphatidylinositol-specific PLC (PI-PLC), salt and ethanol washes to 
remove glycophosphatidyl inositol (GPI) anchors, they found evidence that P. tetraurelia 
has an endogenous PI-PLC. The phosphatidylinositol-specific PLC, is responsible for the 
cleavage of PIP2 to inositol triphosphate (IP3) and diacylglycerol (DAG). 
To demonstrate that p, p’-DDT may interact with the GpY subunit of G-proteins 
and elicit similar effects as pyrethroids (Symington, 2000), the ability of p, p’-DDT to 
stimulate PLC activity was examined. PLC activity is known to be upregulated by the 
GPy-subunit of G-proteins upon disassociation of the heterotrimeric G-protein by GTP-y- 
S. G|3y is known to regulate PLC by binding to its P-subunit, thus increasing IP3 
production. IP3 and its phosphorylated form, IP4, are thus available to modify gating 
mechanisms at voltage-sensitive calcium channels (De Waard et al., 1997). According to 
Symington et al., (1999b), deltamethrin, is directly or indirectly interacting with 
exogenous GPy -subunit of heterotrimeric G-proteins and further enhancing its affinity 
for the P-subunit of PLC thus increasing its activity when tested in vitro. 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Chemicals 
Rhodamine 6G was obtained from Sigma Chemical Co. (St. Louis, MO). Fura-2 
pentapotassium salt (fura-2) and fura-2 acetoxymethyl (fura-2 AM) were purchased from 
Molecular Probes, Inc (Eugene, OR). 1 -[6-(( 17P-3-Methoxyestra-1,3,5(10)-trien-17- 
yl)amino)hexyl]-lH-pyrrole-2,5-dione (U73122, 662035-S) was purchased from 
Calbiochem (La Jolla, CA). p, p’-DDT, p, p’-DDE, p, p’-DDD, o, p’-DDT, o, p’-DDD 
and o, p’-DDE were all purchased from ChemService (West Chester, PA) at the highest 
purity available. [3H]phosphatidylinositol 4, 5 - biphosphate ([3H]-PIP2, NET895, 30 
pCi) was purchased from New England Nuclear-DuPont Boston, MA. The unlabeled 
substrate phosphoinositides (PIP, a mixture of di- and triphosphoinositides, 20 - 40 %, 
and the remainder was a mixture of phosphatidylinositol and phosphatidylserine, P 6023) 
were purchased from Sigma Chemical Co. All other chemicals used were purchased 
from Sigma Chemical Co in the highest purity available. 
2.2 Culturing of Paramecium 
P. tetraurelia strains 51-S (wild type) were cultured as described by Kung et al., 
(1975) with modifications by Clark et al, (1995). Four identical flasks were prepared, 
each containing 1.2-1.4 L of distilled water, 30 g of wheat grass (Pines International, 
Lawrence, KS) and 2 g of protease peptone (Difco, Detroit, MI). This mixture was 
boiled for 10 min and vacuum filtered thru a layer of cotton pads, cheesecloth and tissues. 
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The crude filtrate was passed thru a Whatman #42 filter paper, which was changed every 
400 ml of filtrate. Twenty mM Tris-HCl, 30 mM dibasic sodium phosphate and 6 mM 
monobasic sodium phosphate were added to the filtrate and the solution volume was 
brought to 6 L with distilled diionized water (ddTbO) and 24 mg of stigmasterol (Sigma 
Chemical Co.) was added. This solution was diluted to 24 L with ddTkO and autoclaved 
for 1 hr. After cooling, the solution was inoculated with 1 ml of bacterial culture 
containing Enterobacter aerogenes. After a 2-day incubation period, the cultures were 
inoculated with 500 pi of P. tetraurelia. The cultures are allowed to grow approximately 
7-10 days until an appropriate cell density is obtained. To ensure that there were no 
contaminating bacteria, cell cultures periodically were washed overnight with a 0.01% 
(V: V) solution of gentamicin in culture media prior to re-inoculation every 10 days. 
2,3 Cell Density 
The cell density of P. tetraurelia in culture was assessed spectrophotometrically 7 
-10 days post-inoculation. Approximately 20 ml of cell culture was pelleted by 
centrifuging at 350 g for 5 min. The pellet was resuspended and washed in 10 ml of 
Dryl's solution (2 mM Na2PC>4, 2 mM Na-Citrate and 1.5 mM CaCl2, pH=7.0) and 
recentrifuged. The final pellet was resuspended in 10 ml of resting buffer. The 
difference in absorbance between cells in resting buffer and resting buffer alone was 
measured and the peak absorbance determined (A,max = 302 nm). The cell density was 
estimated by counting individual Paramecia present in a 10 pi aliquot under a light 
microscope. The average number of cells was determined by using the appropriate 
dilution factor. A standard curve was constructed by plotting the OD302 values versus the 
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estimated cell density. Later cell densities were estimated directly from the standard 
curve. 
2.4 Mortality Bioassav 
Fifty pi of cells were placed in 450 pi of resting buffer (1 mM CaCl2, 1 mM Tris 
base, 1 mM Citric acid, 15 mM NaCl and 5 mM KC1, pH = 7.0) and allowed to 
equilibrate for 10 min. Five cells were placed into a 26 mm diameter watch glass 
pretreated with carbowax (0.5% polyethylene glycol 20,000 in ddH2Q, Fisher) containing 
495 pi of depolarizing buffer (1 mM CaCl2, 1 mM Tris base, 1 mM Citric acid and 20 
mM KC1, pH = 7.0) or resting buffer with the appropriate treatment. Ethanol, which is 
the solvent vehicle for all assays, never exceeded 0.1 % (V: V). After completing the 
transfer, a timer was started and the time that each cell died recorded. The lethal time to 
50 % mortality values (LT50) are determined by logit mortality versus log time 
transformations for different concentrations of test compounds (POLO PC, Berkeley, 
CA). 
2.5 Behavioral Bioassav 
Fifty pi of P. tetraurelia in culture media was placed into 450 pi of resting buffer 
in a carbowaxed watch glass. The behavioral assay was initiated by removing one cell 
from the resting buffer and placing it into 495 pi of depolarizing buffer, which contained 
the appropriate concentration of test compound or solvent vehicle. After the solution was 
thoroughly mixed with the delivering syringe, the time spent in the backward swimming 
behavior was recorded by observing the cell through a dissecting microscope. The 
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average time spent in the backward swimming behavior was determined and means with 
standard errors calculated from at least 25 replicates. The treatments were compared to 
the corresponding solvent control using a t-test to determine if they were statistically 
different (P < 0.05, students t-test). 
2.6 Whole Cell Ca2+ influx Assay 
The whole cell Ca2+ influx assay was carried out as outlined by Symington et al., 
(1999a). Paramecium cells (30-45 ml culture) were pelleted at 350 g by centrifugation 
with a tabletop centrifuge for 5 min. Two identical pellets were prepared; one was loaded 
with the fluorescence dye fura-2 AM (Molecular Probes Inc.) and the other with DMSO, 
which was the solvent vehicle for the dye. Cells without dye were used to determine 
autofluorescence (background fluorescence). The pelleted cells were resuspended in 
Dryl’s solution (2 mM Na2P04, 2 inM Na-Citrate and 1.5 mM CaCl2, pH = 7.2) and 
mixed on a platform shaker (Innova) for 30 min. The cells were centrifuged, resuspended 
and washed two more times in Dryl’s solution as above. The cells were washed three 
additional times, each time with 10 ml of low Ca2+ resting buffer (0.5 pM CaCl2, 1 mM 
Tris base, 1 mM citric acid, 15 mM NaCl and 5 mM KC1, pH = 7.0). To each pellet, 4.5 
ml of low Ca2+ resting buffer and 2 % BSA was added to aid in the loading of the dye. 
The suspension was equilibrated for 5 min and 45 pi of fura-2 AM was added to one 
suspension aliquot and 45 pi of DMSO was added to the other suspension aliquot for the 
determination of the autofluorescence. Mixtures were incubated for 45 min in centrifuge 
tubes covered with aluminum foil. A 10 ml aliquot of low Ca2+ resting buffer was added 
to each tube and incubation continued for an additional 15 min. The cells were washed 
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three times, each time in 10 ml cesium chloride (CsCl) buffer (1 mM CaCl2, 1 mM Tris 
base, 1 mM citric acid, 15 mM CsCl and 5 mM KC1, pH = 7.0), and the final washed 
pellet resuspended in 1 - 2 ml of CsCl buffer. 
The background fluorescence was determined by placing 23 pg of whole cell 
protein (determined by BCA method) without dye into a quartz cuvette and bringing the 
solution volume up to 2 ml with CsCl buffer. The cuvette was placed into the 
spectrofluorophometer (Shimadzu RF-1501) with a calcium measurement package 
(Shimadzu, P/N 206-607901-05, dual excitation wavelength) and fluorescence recorded 
for 120 sec. The dye-loaded cells were excited at 340 (Ca2+ bound) and 380 nm (Ca2+ 
free). Fluorescence emission reading was determined at 510 nm. The data for each 
wavelength was temporarily saved to the data system of the spectrofluorophotometer and 
then transferred to Microsoft Excel (Microsoft Office 2000) for further analysis. 
To determine the effects of various treatments, fluorescence was monitored as 
follows: once a stable basal signal is obtained for a 60 sec duration, the test compound or 
solvent vehicle was added and fluorescence reading obtained from time 60-120 sec post¬ 
treatment; at 120 sec, 20 mM of KC1 was added to the cuvette to depolarize the cells and 
fluorescence reading taken until 240 sec post-treatment. 
2.7 Fura-2 Calibration 
Fura-2 calibrations and [Ca2+]j calculations were carried out as described by 
Grynkewicz et al., (1985) with modifications made by Iredale and Dickenson, (1995). 
The minimum intracellular calcium concentration (Rmm) was obtained by adding 0.1% 
sodium dodecylsulfate (SDS) and 2.5 mM EGTA to the cuvette containing cells and a 
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reading was obtained for 120 sec. To ensure saturation, a final concentration of 30 pM 
CaCb was added to a new cuvette containing cells and a fluorescence reading was 
obtained for approximately 120 sec (or until a steady value is obtained) to give the 
maximum intracellular calcium concentration (Rmax) value. All data was transferred to 
oI 
Microsoft Excel, where it was analyzed to obtain nmoles Ca / mg protein. 
2.8 Protein Determination 
The protein content of whole cell and ciliary vesicle preparations were determined 
using the Bicinchonic acid (BCA) method as outlined by Smith et ah, (1985) with BSA 
as the protein standard. The protein determination solution was made by adding 1 part 
copper (II) sulfate pentahydrate (4 %) to 50 parts BCA solution (Sigma). A standard 
curve was generated by addition of varying amounts of 1 mg BS A/ml ddlHEO stock 
solution and bringing the final volume to 100 pi with 0.1 M sodium phosphate buffer (pH 
= 7.5), which contained 1 mM ethylenediaminetetraacetic acid, di-sodium salt (EDTA). 
The assay was initiated by addition of 2.5 ml of the protein determination reagent and 
completed by incubating the entire mixture for 30 min at 37 °C. An absorbance reading 
was obtained at 562 nm using a spectrophotometer (Shimadzu 210UV) after the tubes are 
cooled to room temperature. The blank, which only contained buffer, was used to zero 
the instrument. Plotting the protein concentration versus absorbance (OD) generated a 
standard curve and an equation of the best-fitted line also was obtained by linear 
regression. 
To use the standard curve, an aliquot of the unknown protein solution was placed 
into a test tube and the volume is adjusted up to 100 pi with sodium phosphate buffer. A 
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2.5 ml aliquot of the protein determination reagent was added and the sample incubated 
for 30 min at 37 °C. Two tubes with no protein (100 Jill buffer) serve as reference blanks. 
The two reference blank samples were placed into the spectrophotometer, the wavelength 
set to 562 nm and the absorbance (OD) is adjusted to zero. The reference blank in the 
sample position was removed, replaced with the unknown sample of protein and the 
absorbance determined. The protein concentration was determined from the regression 
equation of the line previously calculated from the standard curve using the absorbance 
value. 
2.9 Isolation of Cilia 
Cilia isolation followed the methods of Shultz et al., (1982) with modifications 
made by Symington et al., (1999a). To isolate the cilia from P. tetraurelia, 24 L of cell 
culture were centrifuged at 2000 rpm in a continuous flow clinical centrifuge (IEC) to 
reduce the culture volume to -300 ml. Cells remaining in the concentrate were pelleted 
at 650 g. The pellet was resuspended in Dryl’s solution, mixed on a shaker for 30 min to 
dissolve any contaminants and re-pelleted. This procedure was repeated two additional 
times. The pellet was resuspended into 200 ml of solution A (500 mM sucrose, 12 mM 
KC1, 3 mM MOPS and 3 mM CaC^, pH = 8.3), pelleted again and resuspended in 40 ml 
of Solution A and 200 ml of ice cold solution B (150 mM sucrose, 4 mM KC1, 15 mM 
MOPS, 0.1% EDTA and 5% glycerol, pH = 8.3). The solution was mixed on an ice bath 
for 5 min. The cells were deciliated by adding 25 mM CaCl2 and mixed on a platform 
shaker for an additional 10 min while on ice. The solution was centrifuged at 650 g for 
10 min and the pellet discarded. The supernatant was centrifuged again at 650 g for 10 
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min, the pellet was discarded and the supernatant recentrifuged. The supernatant was 
centrifuged at 5858 g for 40 min to pellet the cilia. The cilia pellet was resuspended in 40 
ml of solution A and centrifuged for 10 min at 144 g. The supernatant was collected, 
25% (V/V) of percoll (Amersham Pharmacia Biotech, Piscataway N.J.) was added, 
mixed and centrifuged at 62,500 g for 10 min at 4 °C. The Percoll gradient produced a 
high-density protein band (lower band) that contained the cilia. This high-density band 
was collected with a 5 ml disposable syringe and repeatedly washed with solution A to 
remove any excess Percoll. This procedure was repeated until a solid pellet was 
obtained. The final pellet was resuspended in 10 ml of solution A and divided into 1 ml 
aliquots, placed into cryo-vials (VWR Scientific) and quick-frozen in liquid nitrogen. 
The purified cilia were stored at -80 °C until used. 
2.10 Ciliary Vesicle Preparation 
The ciliary vesicle preparation was carried out as described by Schultz et al., 
(1981). The cilia were slowly thawed on ice and centrifuged for 20 min at 30,000 g. The 
pellet was resuspended into 10 ml of ice-cold 10 mM MOPS buffer (pH = 7.2) and 
allowed to mix on a shaker for 1 hr. To the mixture, a final concentration of 15 pM fura- 
2 (cell impermeable form) was added. An Aminco French press at a pressure of 1300 psi 
and a flow rate of 10 ml/min was used to disrupt the cilia and produce ciliary vesicles. 
The lysate was centrifuged at 54,000 g for 30 min and the supernatant decanted. The 
pellet was resuspended into 25 % (V/V) percoll and the solution centrifuged at 62,000 g 
for 15 min. The upper (low-density) band is collected, resuspended into solution A and 
recentrifuged at 30,000 g until a solid pellet is obtained. The final pellet was resuspended 
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in a minimal volume (0.5 - 0.75 ml) of solution A for assay purposes. The protein 
concentration was determined using the previously described BCA method. 
2.11 Ciliary Vesicle Ca2+ Influx Assay 
Intracellular Ca2+ concentration of ciliary vesicles was determined in the same 
manner as for whole cells but with some modifications. The assay was initiated by 
placing 36 pg of vesicle protein into a cuvette and adjusting the final volume to 2 ml with 
Solution A. After recording for 60 sec, the treatment solution was added and the 
fluorescence reading reinitiated. At 120 sec post-treatment, a final concentration of 20 
mM KC1 was added to depolarize the vesicles. The fluorescence reading was continued 
for an additional 80 sec. The entire volume in the cuvette was saved for R^ and Rmax 
determinations. 
2.12 Fura-2 Calibrations for Ciliary Vesicles 
Fura-2 calibrations and [Ca2+]i calculations were performed as described by 
Grynkiewicz et al., (1985) with modifications made by Iredale and Dickenson (1995). 
Autofluorescence values were obtained by adding 0.1 M MnCl2 and taking fluorescence 
readings for approximately 60 sec. To ensure saturation, an additional 0.1 M aliquot of 
MnCl2 was added and readings taken for another 60 sec. The R^ value is obtained by 
adding 0.1 % SDS, 2.5 mM EGTA and recording fluorescence readings for 
approximately 120 sec. The Rmax was obtained by taking readings in the presence of 30 
pM CaCl2 in order to ensure dye saturation with Ca2+. 
The recorded data was transferred to an Excel spreadsheet to calculate nmoles 
Ca2+/ mg protein. First, the 340 and 380 fluorescence readings were adjusted by 
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subtracting the autofluorescence values and then the 340/380 ratio value was determined 
by dividing the adjusted 340 values by the adjusted 380 values. To obtain the amount of 
Ca2+ influx, equation 1 [1] was utilized: 
[ 1 ] [Ca2+]i = K x ((R - RmJ/OUx - R)) 
The K value is calculated using equation 2 [2]: 
[2] K = (Kd x F0)/ Fs 
Where Kd equals the fura-2 dissociation constant (139 nM at 25 °C), F0 equals the 380 
nm fluorescence in the absence of Ca2+, Fs equals the 380 nm fluorescence in the 
presence of saturating Ca2+, R equals the 340/380 nm fluorescence ratio, Rmax equals the 
340/380 nm ratio with saturating Ca2+, and Rmin equals the 340/380 nm ratio in the 
absence of Ca2+ (Iredale & Dickenson, 1995). 
2.13 Statistical Analysis of Fura-2 Data 
Statistical analysis of fura-2 data were performed as outlined by Juberg et al., ’ 
(1995). Basal internal free [Ca2+] ([Ca2+]i) levels were determined between t = 20 to 40 
sec. Peak [Ca2+]i levels were defined as the average of the highest 20 values between 120 
and 200 sec. The difference in [Ca2+]i (net [Ca2+]i) between the depolarized-treated and 
9-4- 
basal [Ca h was calculated with equation 3 [3]. 
[3] net[Ca2+]j = peak[Ca2+], - basal[Ca2+]j 
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9-L 
Calcium influx in nmoles Ca / mg protein is calculated according to equation 4 [4]. 
[4] Ca2 ' influx = (net [Ca2+]i X assay volume)/ mg protein 
2+ Ca influx was calculated for each assay. Each experimental assay was replicated at 
least three times and the replicate average (n = 3) was plotted to determine the treatment 
effect. Increases and decreases in Ca2+ influx for treatment groups were compared to the 
ethanol treatment (solvent vehicle) groups using Student’s unpaired t test (P < 0.05) 
(Microsoft Excel). 
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2.14 Membrane Depolarization 
The membrane potential of whole cells was measured using rhodamine 6G 
essentially as outlined by Aiuchi et al., (1982) with minor modifications by Symington et 
al., (1999a). Paramecium culture (6 L) was reduced to ~ 300 ml by centrifugation at 
2000 rpm in a continuous flow clinical centrifuge (IEC). The cell concentrate was 
pelleted at 650 g. The pellet was resuspended in Dryl's solution, mixed on a shaker for 
30 min and repelleted. This procedure was repeated two additional times. The washed 
pellet was resuspended into 40 ml of resting buffer, and centrifuged at 650 g for 10 niin. 
This procedure was repeated 2 more times. The final pellet was resuspended in 10 ml 
resting buffer. The assay was initiated by placing 2.5 ml of resting buffer into a cuvette 
and obtaining fluorescent readings for 20 sec. Next, a final concentration of 0.1 pM of 
rhodamine 6G was added to the cuvette. Readings were obtained for 50 sec and at which 
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time a 500 jal aliquot of cells was added to the cuvette. After the readings stabilized, the 
test treatment was added with a syringe and time recorded. The readings were continued 
for an additional 120 sec. 
2.15 Calculation of Membrane Potential 
To obtain the membrane potential (mV), the fluorescence intensity (f) is 
determined by dividing the fluorescence of cells in the presence or absence of treatment 
by the fluorescence without cells (equation 5, [5]). 
[5] f = fs/fi 
f equals fluorescence intensity, fs equals fluorescence in the presence of dye and cells and 
fi equals fluorescence in the presence of dye alone. The reduced Goldman equation was 
utilized to estimate the membrane potential based on the relationship between 
fluorescence intensity and potassium equilibrium potential (Auichi et al, 1982) (equation 
6, [6]). The reduced Goldman equation as stated below was used to generate a standard 
curve. 
[6] mV = 59 * log (K+ 0J K+ in) 
The standard curve is constructed by plotting the fluorescence intensity (f) against the 
mV potential for each concentration of K+. The K+ concentrations ranged from 20 to 120 
mM. By plotting the fluorescence intensity versus the membrane potential, an equation 
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of the best-fitted line is obtained by linear regression. The regression equation can be 
used to calculate the membrane potential of the treatments by inserting f into the equation 
and solving for X (membrane potential). 
2.16 Phospholipase C (PLC) Activity Assay 
The phospholipase C activity assay was carried out essentially as described by De 
Vivo (De-Vivo, 1994) with modifications made by Symington et al., (1999b). The assay 
substrate was prepared by adding 1 pmol (20,000 count per minute (cpm)) of radiolabeled 
[3H]phosphatidylinositol 4, 5 - biphosphate to 5 pmol of unlabeled phosphoinositides. 
The mixture was dried under nitrogen, resuspended in 50 Jill of assay buffer (50 mM 
HEPES, 100 mM NaCl, 0.5 mg/ml BSA, 2mM EGTA, 2.5 mM MgCl2, pH = 7.4) (Taylor 
& Exton, 1987), vortexed for 5 min, and bath sonicated for 1 min. Each 1.5 ml assay 
tube contained 50 pi assay buffer, 68 pi of 10 mM CaCl2, 2 pi of treatment solution, 15 
|il of ddH20 and 50 |il [3H]-PIP2 + PIPx substrate in assay buffer. The reaction was 
initiated by the addition of 15 pi of ciliary vesicles (70 pg protein) suspended in PLC 
buffer (10 mM Tris-HCl, 144 mM NaCl, 0.05% BSA, pH = 7.4) (Taguchi & Ikezawa, 
1987). Ciliary vesicles were obtained as previously outlined. When using the PLC 
inhibitor, U73122, the samples were pre-incubated for 10 min at 37 °C prior to the 
addition of test treatments or solvent vehicle. Treated samples were incubated for an 
additional 10 min at 37 °C giving a total incubation time of 20 min. The reaction was 
terminated by addition of 1 ml of chloroform/ methanol/ HC1 (100:100:1) and 250 pi of 
10 mM EDTA. The mixture was centrifuged for 10 min at 9280 g and 400 pi of the 
aqueous phase was removed and radioactivity determined by liquid scintillation. To 
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calculate the amount of [3H]IP3 produced (fmols [3H]nV min/ mg protein), equation 7 [7] 
was used: 
[7] cpm of r3HHPj production in treatments - cpm of blanks samples 
(specific activity (13.8 pCi/mM) * assay time (min) * mg protein 
= fmols r3H!IP3/min 
mg protein 
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CHAPTER 3 
RESULTS 
3.1 Mortality Bioassav 
Figure 2 presents the time to mortality response versus log dose relationship of P. 
tetraurelia to p, p’-DDT under resting and depolarizing conditions. The data 
demonstrates that p, p’-DDT (1(X10 to 10'6 M) was more potent and effective under 
depolarizing conditions than under resting conditions, p, p’-DDT (10~6 M) under resting 
conditions was significantly more toxic than the ethanol treatment but was 416-fold less 
6 7 
effective than 10' M p, p’-DDT under depolarizing conditions. At concentrations 10 M 
and lower, p, p’-DDT failed to elicit a mortality response in resting buffer that was 
significantly different from the ethanol treatment. 
Table 1 presents the time to mortality versus log dose response relationship of P. 
tetraurelia to p, p’- DDT, its structural analogs (DDT, DDD and DDE) and positional 
isomers (p, p’- versus o, p’-) under depolarizing conditions. The potency and 
effectiveness of selected treatments that resulted in significant differences compared with 
ethanol-treated cells are presented in figure 3. 
As judged by the lowest dose that resulted in significantly reduced LT50 values 
« 
compared to ethanol-treated cells, 10~10 M p, p’-DDT was 3 orders of magnitude more 
l) f 
potent than 10'7 M p, p’-DDD and 4 orders more potent than 10 6 M p, p’-DDE. Using 
the same criteria, o, p’-DDT, o, p’-DDD and o, p’-DDE were equally potent by eliciting 
significantly reduced LT50 values at 10'6 M but were four orders of magnitude less potent 
than p, p’-DDT. 
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TABLE 1 
Time to Mortality Versus Log Dose Response Relationships of P. tetraurelia in 
Insecticide Bioassays with Depolarizing Buffer. 
Treatment and 
Concentration 
N LT50 (95% C.L.) 
(sec) 
Likelihood Ratio 
Testa 
Ethanol 24 79104(76736,81508) - 
p, p’-DDT 
10'6M 40 73 (64, 84) REJECTED 
10'7M 29 4751 (4022, 5642) REJECTED 
io-8m 40 16109(15109, 17176) REJECTED 
10‘9M 29 27373 (22122, 35119) REJECTED 
Iff10 M 36 64278 (61399, 66808) REJECTED 
10“ M 36 86635 (84133, 89393) accepted 
p, p-DDD 
10‘6M 34 299 (256, 347) REJECTED 
io7m 30 41219(36517,46774) REJECTED 
io8m 40 77413(71057, 85499) accepted 
p, p’-DDE 
10‘6M 29 366(292,493) REJECTED 
10‘7M 23 72144 (60996, 76050) accepted 
o, p’-DDT 
10‘6M 27 805 (469, 1503) REJECTED 
io*7m 28 83119(79909, 86000) accepted 
o, p’-DDD 
10‘6M 17 1228 (650, 2272) REJECTED 
10’7M 19 93605 (90552, 96649) accepted 
o, p’-DDE 
10‘6M 26 1189 (605,2272) REJECTED 
10‘7M 29 97029 (94167, 99954) accepted 
a Likelihood that the slopes and intercepts are the same as for ethanol-treated cells 
(POLO-PC, P < 0.05). 
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Figure 3. Graphical representation of selected time to mortality versus log dose response 
relationship of P. tetraurelia to p, p’-DDT, its structural analogs and positional isomers 
under depolarizing conditions for potency and relative effectiveness considerations. A 
superscripta indicates the rejection of the likelihood that the slopes and intercepts are the 
same as for ethanol-treated cells (POLO-PC, P < 0.05). 
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At the nominal concentration of 10'7 M, p, p’-DDT was relatively 9- and 15-fold 
more effective in producing mortality than p, p’-DDD and p, p’-DDE, respectively. 
Similarly, p, p’-DDT was relatively 17-fold more effective than o, p’-DDT and 20-fold 
more efficacious than o, p’-DDD or o, p’-DDE. At this concentration, however, none of 
the o, p’- structural analogs elicited LT50 values that were significantly different from 
ethanol-treated cells. 
At the nominal concentration of 10 6 M, p, p’-DDT was relatively 4- and 5-fold 
more effective than p, p’-DDD and p, p’-DDE, respectively. Similarly, p, p’-DDT was 
relatively 17- and 16-fold more effective than o, p’-DDD and o, p’-DDE, respectively. 
At the same concentration, p, p’-DDT, p, p’-DDD and p, p’-DDE were 11-, 4- and 3-fold 
’ 
more effective than their respective o, p’- positional isomers. 
In summary, the mortality experiments substantiate that P. tetraurelia is 
extremely sensitive to p, p’-DDT but less sensitive to its structural analogs and positional 
isomers. The mortality results demonstrate that the toxic action of p, p’-DDT and its 
analogs on P. tetraurelia are depolarization-dependent, sensitive to structural and 
positional changes and elicits a concentration-dependent mortality response. 
3.2 Backward Swimming Bioassay 
To determine that p, p’- DDT, its structural analogs and positional isomers act as 
agonists at the voltage-sensitive calcium channel of P. tetraurelia, an action that may be 
related to mortality, the backward swimming response was examined and the results of 
these experiments presented in figure 4. Treatment with p, p’-DDT and its analogs 
35 
Figure 4. Backward swimming response of P. tetraurelia in the presence of p, p’-DDT, 
its structural analogs and positional isomers under depolarizing conditions. The 
superscript a indicates that the treatment value is significantly different from the ethanol- 
treated cells (t test, P < 0.05). 
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resulted in increased backward swimming, all of which elicited dose-response 
relationships. In general, the p, p’- positional isomers were more potent than their 
corresponding o, p’- isomers, p, p’-DDT was the most potent and effective compound 
tested. 
As judged by the lowest dose that resulted in significantly increased backward 
swimming times compared to ethanol-treated cells, p, p’-DDT was the most potent 
compound tested, p, p’-DDT at 10 8 M was 1 order of magnitude more potent than p, p 
DDD, p, p’-DDE, o, p’-DDT and o, p,-DDE, which were equally potent at 10'7 M. Using 
the same criteria, 106 M o, p’-DDD was least potent and 2 orders of magnitude less 
potent than p, p’-DDT. 
At the nominal concentration of 10'7 M, p, p’-DDT elicited the longest backward 
swimming behavior (13.7 ± 3.7 sec) but was not significantly more effective than p, p’- 
DDD (7.4 ± 2.5 sec), p, p’-DDE (8.9 ± 1.2 sec), o, p’-DDT (12.4 ± 3.1 sec) or o, p’-DDE 
(6.1 ± 2.4 sec), p, p’-DDT at this concentration was relatively 1.5- and 9-fold more 
effective than o, p’-DDE and o, p’-DDD (1.6 ± 1.1 sec), respectively. Similarly, p, p’- 
DDD was 5-fold more effective than o, p’-DDD. However, o, p’-DDD at this 
concentration was not significantly different from the ethanol-treated cells. 
At the nominal concentration of lO'6 M, p, p’-DDT elicited a significantly 
increased length of backwards swimming (28.3 ± 2.3 sec) that was 2- and 1.4-fold more 
effective than p, p’-DDD (14.4 ±1.0 sec) and p, p’-DDE (20.1 ±1.5 sec), respectively. 
Similarly, p, p’-DDT was 1.5-, 1.9- and 1.7-fold more effective than o, p’-DDT, o, p’- 
DDD and o, p’-DDE, respectively. At this concentration, however, p, p’-DDD and p, p’- 
DDE were not significantly different than their respective o, p’- positional isomers. 
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3.3 Whole Cell Ca2+ Influx 
Figure 5 represents a typical fura-2 determination of [Ca ]i in the presence and 
absence of 10'7 M p, p’-DDT. p, p’-DDT-treated cells failed to elicit an increase in 
[Ca2+]i under resting conditions (60-120 sec) but resulted in a 6.5-fold increase under 
depolarizing conditions (120-220 sec) compared to ethanol-treated cells. To further 
establish that the increased mortality and backward swimming behavior previously 
observed was in fact due to the action of DDT and its analogs at the voltage-sensitive 
ciliary calcium channel, we examined the increased Ca2+ influx into whole cells using the 
fura-2 AM ratiometric method (figure 6). 
The whole cell Ca2+ influx assay corroborate our earlier mortality bioassay and 
backward swimming behavioral results, which showed that p, p’-DDT was the most 
potent compound tested and the p, p’- positional isomers were more potent than their 
respective o, p’- isomers. As judged by the lowest value that elicited a significant 
increase in Ca2' influx compared to the ethanol-treated cells, 10"10 M p, p’-DDT was 2 
orders of magnitude more potent than either p, p’-DDD or p, p’-DDE, which were 
equally potent at 10~8 M. Using the same criteria, p, p’-DDT, p, p’-DDD and p, p’-DDE 
are 4-, 2- and 2-orders of magnitude more potent than their respective o, p’- isomers. 
At the nominal concentration of 1CT8 M, p, p’-DDT was the most effective 
treatment that elicited significant Ca2+ influx, p, p’-DDT elicited a 2.2- and 1.6-fold 
increase in Ca2+ influx over p, p’-DDD and p, p’-DDE, however, p, p’-DDE was not 
significantly different from p, p’-DDT at this concentration. 
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Figure 6. Dose response relationship of p, p’-DDT, its structural analogs and positional 
isomers on intracellular Ca2+ influx as measured by fura-2 in wild-type P. tetraurelia. 
The superscripta indicates that the treatment values are significantly higher than ethanol- 
treated cells (t test, n = 3, P < 0.05) 
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At the nominal concentration of 107 M, p, p’- isomers in general were more 
effective than the o, p’- isomers, none of which were significantly different from the 
ethanol-treated cells (t test, n = 3, P > 0.05). p, p’-DDT was the most effective treatment 
at 10'7 M (14.2 ± 3.9 nmoles Ca2+ influx/mg protein) and elicited a 2-fold increase in Ca2+ 
influx over both p, p’-DDD (6.8 ± 2.6 nmoles Ca2+ influx/mg protein) and p, p’-DDE (7.1 
± 0.8 nmoles Ca2+ influx/mg protein). At this concentration, p, p’-DDT was significantly 
more effective than its positional isomer, o, p’-DDT (2.6 ± 0.4 nmoles Ca2+ influx/mg 
protein) and resulted in a 5.5-fold increase in Ca2+ influx over o, p’-DDT. However, p, 
p’-DDD and p, p’-DDE elicited responses that were not significantly different from their 
respective o, p’- positional isomers. 
At the nominal concentration of 10'6 M, p, p’-DDT (30.5 ± 2.6 nmoles Ca2+ 
influx/mg protein), p, p’-DDD (30.9 ± 3.4 nmoles Ca2+ influx/mg protein) and p, p’-DDE 
(31.9 ± 0.3 nmoles Ca2+ influx/mg protein) were equally effective and resulted in a 
significant increase in Ca influx compared to ethanol-treated cells (14-, 14- and 15-fold 
increase, respectively, t test, n = 3, P < 0.05). p, p’-DDT also was 4-, 6- and 9-fold more 
effective than o, p’-DDT, o, p’-DDD and o, p’-DDE, respectively. At the same 
concentration, p, p’-DDD and p, p’-DDE were 6- and 10-fold more effective at increasing 
Ca2+ influx than their respective o, p’- positional isomers. 
3.4 Vesicle Ca2+ Influx Assay 
f 
To substantiate that DDT and its analogs act on ciliary voltage-sensitive calcium 
channels, Ca2+ influx was examined using ciliary vesicles (Table 2). As before, p, p’- 
DDT was the most potent and effective compound tested in the ciliary vesicle assay. 
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As judged by the lowest concentration needed to elicit a significant increase in 
Ca2+ influx into ciliary vesicles compared to ethanol-treated vesicles, 10 9 M p, p’-DDT 
TABLE 2 
Effects of p, p’-DDT and Its Structural Analogs on the Calcium Influx into Ciliary 
Vesicles of P. tetraurelia. 
Treatment (M) Ca2+ Influx 
(nmoles Ca2+/ mg 
protein) 
S.E. t test 
(P value) 
Ethanol 1.53 0.23 — 
p, p’-DDT (10‘8 M) 7.58a 1.31 <0.05 
p, p’-DDT (10‘9 M) 2.48a 0.10 <0.05 
p, p’-DDT (1010 M) 1.51 0.22 0.96 
p, p’-DDD (10‘8 M) 2.24 0.26 0.08 
p, p’-DDE (10 8 M) 2.34 0.61 0.15 
a A value of P < 0.05 indicates that the treatment is significantly higher than the ethanol- 
treated cells (t test, n = 3). 
o 
was 1 order of magnitude more potent than either p, p’-DDD or p, p’-DDE. At 10“ M, 
neither p, p’-DDD nor p, p’-DDE treatments were significantly different from the 
ethanol-treated vesicles. 
8 At the nominal concentration of 10“ M, p, p’- DDT was the most effective 
treatment and was 3.4- and 3.2-fold more effective than either p, p’-DDD or p, p’-DDE, 
respectively, both of which were not significantly different from ethanol-treated vesicles 
(t test, n = 3, P > 0.05). 
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Although p, p’-DDD and p, p’-DDE elicited increases in Ca2+ influx that was 1.4- and 
1.5-fold above the ethanol-treated vesicles, respectively, there were no significant 
difference between the ethanol-treated and p, p’-DDD- and p, p’-DDE-treated vesicles (t 
test, n =3, P > 0.05). 
Figure 7 shows the increase in Ca2+ influx of whole cells compared to ciliary 
vesicles. Although the Ca2+ influx for vesicles was generally lower than that of whole 
cells, there were no significant differences between the ethanol-, p, p’-DDT- and p, p’- 
DDE- treated cells and vesicles (t test, n =3, P > 0.05). However, there was a 2-fold 
difference in Ca2+ influx between whole cells and vesicles treated with 10'8 M p, p’-DDD 
that was significant (t test, n =3, P < 0.05). 
3.5 Membrane Depolarization 
Figure 8 represents a typical rhodamine 6G determination of membrane potential 
in whole cell assays with P. tetraurelia. The addition of rhodamine 6G initially 
increased the fluorescence, which subsequently declined as the dye is taken up by the 
cells. After the signal stabilized, addition of 60 and 120 mM KC1 increased the 
fluorescence intensity of rhodamine 6G stepwise above that of ethanol-treated cells. 
Table 3 presents the dose response relationship of p, p’-DDT and its structural analogs on 
membrane potential as measured by rhodamine 6G. Cells treated with 10'7 M p, p’-DDT 
elicited a positive depolarizing membrane potential, which was significantly different 
compared to ethanol-treated cells. At the same concentration, however, p, p’-DDD, p, p’- 
DDE and o, p’-DDE elicited responses that were not significantly different than that 
produced by the ethanol-treated cells. 
48 
Figure 8. Representative spectrofluorometric recording of membrane potential in wild- 
type whole cell of P. tetraurelia as measured with rhodamine 6G. Data is given as the 
fluorescence change of rhodamine 6G upon addition of cells followed by treatments. 
\ 
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TABLE 3 
Membrane Potential of P. tetraurelia Treated with p, p’-DDT, its Structural Analogs and 
Positional Isomers as Measured using Rhodamine 6G. 
Treatment Membrane Potential 
[mV] 
S.E. t Test 
(P value) 
Ethanol -25.8 12.2 — 
p, p’-DDT (10'7 M) 18.2a 14.0 0.03 
p, p’-DDT (10'8 M) -29.5 4.3 0.79 
p, p’-DDD (10'7 M) -8.8 8.2 0.26 
p, p’-DDE (10'7 M) -16.0 12.7 0.57 
o, p’-DDE (10'7 M) -11.2 2.9 0.27 
a A value of P < 0.05 indicates that the test treatment is significantly different from the 
ethanol-treated cells (t test, n = 3). 
Never the less, these compounds all depolarized whole cells compared to ethanol-treated 
Q _ 
cells. The effect on membrane potential by 10' M p, p’-DDT was not significantly 
different than ethanol-treated cells and this treatment did not depolarize the cells. 
3.6 Phospholipase C Activity Assay 
Table 4 presents the PLC activity data for treated and untreated ciliary vesicles, 
p, p’- DDT (10 7 M) resulted in a significant 49 % increase in PLC activity over ethanol- 
treated disrupted vesicles, p, p’-DDT resulted in enhanced PLC activity that was 31 % 
and 36 % above that produced by p, p’-DDE and o, p’-DDE, respectively. At this 
concentration, however, p, p’- and o, p’-DDE were not significantly different from 
ethanol-treated disrupted vesicles. At 10'8 M, p, p’-DDT was not significantly different 
51 
than the ethanol-treated disrupted vesicles. In the presence of the PLC inhibitor, U73122 
(10'5 M), the PLC activity was reduced to 79 % of that associated with the ethanol-treated 
disrupted vesicles. 
TABLE 4 
The Effects of p, p’-DDT, Its Structural Analogs, Positional Isomers and U73122 on the 
Phospholipase C (PLC) Activity in Disrupted Ciliary Vesicles. 
Treatment PLC Activity 
(fmol nymin/mg protein) 
S.E. t test 
Untreated 13.2 0.9 — 
Ethanol 13.3 1.7 a 
U73122 (10 s M) 2.8 1.6 e 
p, p’-DDT (10'7M) 25.5 0.8 b 
p, p’-DDT (10‘8 M) 9.3 0.1 c 
p, p’-DDE(10‘7M) 17.5 1.8 c, d 
o,p’-DDE(10‘7M) 16.7 0.4 c, d 
a Indicates no significant increase between untreated and ethanol-treated disrupted ciliary 
vesicles (t-test, n = 2, P < 0.05). 
1. t _ _ 
Indicates a significant increase between 10" M p, p’-DDT-treated and ethanol-treated 
disrupted ciliary vesicles (t test, n = 2, P < 0.05). 
c Indicates no significant increase between treatment and ethanol-treated disrupted ciliary 
vesicles (t-test, n = 2, P < 0.05). 
Indicates a significant difference between treatment and 10 M p, p’-DDT-treated 
disrupted ciliary vesicles (t test, n =2, P < 0.05). 
Indicates a significant decrease between treatment and ethanol-treated disrupted ciliary 
vesicles (t test, n = 2, P < 0.05). 
52 
CHAPTER 4 
DISCUSSION 
< 
The overall conclusion from the mortality, backward swimming behavior, whole 
cell and vesicle Ca2+ influx and membrane depolarization assays is that p, p -DDT elicits 
2+ 
a sensitive and dose-dependent agonistic response on the voltage-sensitive ciliary Ca 
channel of P. tetraurelia, particularly under depolarizing conditions. Table 5 presents a 
summary of the potency and effectiveness of p, p’-DDT, its structural analogs and 
positional isomers in mortality, backward swimming, whole cell and vesicle Ca2+ influx 
assays. Comparison of the mortality responses of P. tetraurelia to the various treatments 
allowed the determination of the following order of potency and effectiveness in terms of 
mortality for p, p’-DDT, its structural analogs and positional isomers, p, p’-DDT was the 
most potent and effective treatment, followed by p, p’-DDD > p, p’-DDE > o, p’-DDT ~ 
o, p’-DDD ~ o, p’-DDE. 
Comparison of the backward swimming responses of P. tetraurelia to various 
treatments of p, p’-DDT, its structural analogs and positional isomers allowed the 
determination of an order of potency where p, p’-DDT was the most potent followed by 
p, p’-DDD * p, p’-DDE > o, p’-DDT ~ o, p’-DDE > o, p’-DDD. 
The order of effectiveness of treatments was established by their ability to elicit 
an increased backward swimming response at a single concentration (10'7 M). p, p’-DDT 
was the most effective treatment, followed by p, p’-DDE > p, p’-DDD > o, p’-DDT > o, 
p’-DDE > o, p’-DDD. 
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Comparison of the whole cell Ca2+ influx elicited by treatment with p, p’-DDT, its 
structural analogs and positional isomers allowed the following order of potency to be 
established, p, p’-DDT was the most potent treatment, followed by p, p’-DDD ~ p, p’- 
DDE > o, p’-DDT ~ o, p’-DDD ~ o, p’-DDE. The order of effectiveness of treatments 
was established by their ability to increase Ca2+ influx at a single concentration (10'7 M). 
p, p’-DDT was the most effective treatment, followed by p, p’-DDD ~ p, p’-DDE > o, p’- 
DDT ~ o, p’-DDD ~ o, p’-DDE. 
Comparison of the vesicle Ca2+ influx elicited by treatment with p, p’-DDT and 
its structural analogs allowed the order of potency to be established, p, p’-DDT was the 
most potent treatment, followed by p, p’-DDD ~ p, p’-DDE. The order of effectiveness 
for treatments was established by their ability to increase Ca2+ influx at a single 
concentration (10'8 M). p, p’-DDT was the most efficacious treatment, followed by p, p’- 
DDD ~ p, p’-DDE. 
In summary, the mortality, backward swimming and whole cell and vesicle Ca2+ 
influx assays demonstrated that the p, p’- positional isomers are more potent and effective 
when compared to the o, p’- isomers (Table 5). The results also demonstrate that p, p’- 
DDT overall was the most potent and effective treatment. 
Utilizing the results from the mortality, backward swimming, whole cell and 
vesicle Ca2+ influx assays, we can construct an order of the most sensitive bioassay for 
the effects of p, p’-DDT, its structural analogs and positional isomers on P. tetraurelia 
(Table 5). We can conclude that the whole cell Ca2r influx assay (figure 6) and mortality 
bioassay (figure 3) are equally sensitive because responses to p, p’-DDT both occur down 
to 10 M. The next most sensitive response would be the backward swimming assay 
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(Figure 4) in which p, p’-DDT treatment resulted in significantly increased backward 
O 2_L 
swimming at 10' M a 100-fold reduction in sensitivity compared to Ca influx. The 
membrane depolarization effect of p, p’-DDT was the least sensitive response and only 
occurred at concentrations 1CT7 M or higher (Table 3). 
Like DDT, type I pyrethroids, both of which produce the tremor (T) syndrome of 
poisoning causes shorter sodium tail current activation that results in depolarizing after 
potentials and increased repetitive discharge as compared to type II pyrethroids 
(Narahashi et al, 1999). Type II pyrethroids, which produced the choreathetosis with 
salivation (CS) syndrome of poisoning, cause extremely prolonged sodium tail current 
activation with no repetitive discharge (Narahashi et al, 1999). Symington et al, (2000) 
reported that the CS-syndrome pyrethroid, deltamethrin, caused a significant 
depolarization change in membrane potential at concentrations as low as 1CT10 M as 
measured with rhodamine 6G fluorescence assay. Results in the current thesis research 
illustrate that p, p -DDT was unable to stimulate a significant change in membrane 
potential at concentrations lower than 10'7 M, a 1000-fold difference in potency. This 
result is in agreement with previously published reports that show DDT and T-syndrome 
(type I) pyrethroids are poor at eliciting significant membrane potential changes as 
compared to CS-syndrome (type II) pyrethroids (Narahashi et al, 1999). 
In partial summary, p, p’-DDT treatment in both mortality and Ca2+ influx 
bioassays produced effects that were significantly different from the control up to 10~10 
M. However, mortality and Ca2+ influx bioassays did not correlate with the membrane 
potential results. Although significant responses were observed at 10~10 M for both 
mortality and Ca2+ influx bioassays, no significant changes in membrane potential was 
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observed at concentrations below 10' M. This finding correlates with previous results 
that show DDT is poor at sustaining membrane depolarization. 
Comparison of Ca2+ influx with backward swimming data illustrates that a high 
concentration of calcium is necessary to observe a prolongation of backward swimming 
response. In support of this contention Symington et al, (1999a) observed a average 
value of backward swimming time at 10 7 M deltamethrin (45.27 ± 0.92 sec) that was 3- 
times greater than that elicited by 10'7 M p, p’-DDT (13.7 ± 3.7 sec). 
The effects of p, p’-DDT, its structural analogs and positional isomers at the 
ciliary voltage-sensitive calcium channel seems to correspond to the effects elicited by 
neurotoxic and nontoxic pyrethroids (Symington et al, 1999b). Past research has 
overlooked the action of DDT and its analogs on the homeostasis of cell calcium. The 
majority of the research with DDT and its analogs on cellular calcium focused primarily 
on the effects on Ca2+-dependent ATPase activity and Ca-dependent 
phdsphorylation/dephosphorylation effects instead of effects on calcium channels (Juberg 
et al, 1995). Soderlund et al, (1989) demonstrated that DDT and pyrethroids failed to 
stimulate sodium uptake unless treated first by the sodium channel activators veratridine 
(VTD), batrachotoxin, or hydrograyanotoxin II. This result in conjunction with many 
years of research on the actions of these two classes of insecticides on voltage-sensitive 
sodium channels have resulted in the belief that they elicit similar if not identical effects 
on voltage-sensitive sodium channels (Soderlund & Bloomquist, 1989). 
Because voltage-sensitive sodium and calcium channels share many genetic, 
structural and functional features, the similar action of DDT and pyrethroids at voltage- 
sensitive sodium channels can infer similar mechanisms of action at voltage-sensitive 
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calcium channels. To directly corroborate that DDT and its structural analogs likewise 
are voltage-sensitive calcium channel agonists, a fluorescent assay to measure calcium 
influx was developed. In treatments with 10"' and 10'6 M p, p’-DDT and its various 
analogs, no increase in [Ca2+]j under resting (60 - 120s) conditions was observed but an 
increase was observed under depolarizing (120 - 200s) conditions. Our findings that 10'7 
and 10" M p, p’-DDD elicited a 3- and 14-fold increase, respectively, in Ca influx 
agreed with the results of Juberg et al., (1995), which showed that rat myometrial smooth 
muscle cells treated with 10 and 50 juM p, p’-DDD, increased Ca2+ influx by 3- and 25- 
fold, respectively. 
To determine the ability of p, p’-DDT and its structural analogs to depolarize the 
Paramecium membrane, an assay was developed that utilized the membrane potential- 
sensitive fluorescent dye, rhodamine 6G. At 10"7 M p, p’-DDT caused a partial 
depolarization of the plasma membrane under resting conditions, which is in agreement 
with the influx of extracellular Ca2+ via voltage-sensitive calcium channels. However, 
maximum extracellular Ca2+ influx was achieved with the addition of a depolarizing 
concentration of K+ (20 mM). This finding suggest that p, p’-DDT and its structural 
analogs are depolarization-dependent compounds when tested on Paramecium and 
indicates that they are maximally effective when the channel is activated. This aspect 
corresponds to the earlier finding that indicated DDT acts as an agonist at the voltage- 
sensitive sodium channels only when the channel was activated by sodium channel 
activators. 
The present finding that DDT increases PLC activity is in agreement with the 
findings by Symington et al., (1999b), which showed G(3y enhancement of PLC activity 
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as measured by increased IP3 production in P. tetraurelia upon treatment with 1R- 
deltamethrin. As previously discussed in the introduction, we are aware that PLC 
hydrolyzes the phospholipid, PIP2, into IP3 and DAG. From these results, it is possible 
that deltamethrin and DDT may be interacting with G-protein-like molecules in vivo 
because PLC is known to be up regulated by G(3y binding. Although the identification of 
Paramecium G-proteins has so far been elusive, recent research has been promising. 
Unpublished experiments by Symington et al, report the isolation of 41, 36 and 33 kDa 
proteins, which can be identified by ADP-rybosylation and western blotting for the a- 
and Py-subunits of G-proteins, respectively. 
One possible pathway for which the toxic action of deltamethrin and DDT may 
converge is at the GPy binding site of the a-subunit of the voltage-sensitive calcium 
channel. If deltamethrin and DDT bind at the Gpy-binding site we would observe 
reduced GPy binding at the channel and hence reduced down regulation of the channel. 
The increased level of free Gpy is now available to bind the P-subunit of PLC thus 
activating it and increasing its activity to hydrolyze phosphatidylinositol 4, 5 - 
biphosphate into DAG and IP3. The newly released DAG is a membrane soluble product 
that is able to activate serine/threonine protein kinase C (PKC) in the combined presence 
of intracellular Ca2+ released by IP3. The activated PKC can now phosphorylate and 
modify the function of selected proteins, including the up regulation of calcium channels. 
Ehrlich et al, (1988) first determined that Paramecium calcium channels most 
closely resemble mammalian T-type calcium channels. The activation of calcium 
channels by G-proteins is a feature of T, N and P/Q-type mammalian calcium channels 
with only the L-type lacking this modulation (De Waard er al, 1997). It is possible that 
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Paramecium possess a most primitive type of calcium channel, which possesses features 
present in all or most calcium channels. 
Komulainen and Bondy (1987) failed to detect any significant changes in [Ca2+]* 
via calcium channels in a rat brain preparation rich in T-type calcium channels upon 
treatment with o, p’-DDT and p, p’-DDT. However, Juberg et al, (1995) found a 
significant increase in [Ca ]j via a L-type calcium channel upon treatment of cultured rat 
myometrial muscle cells with 10 - 100 pM p, p’-DDD. In general, however, it has been 
found that pyrethroid insecticides affects T- (Narahashi et al, 1987; Duce et al, 1999) 
and N-type (Clark & Matsumura, 1991; Guo-lei et al, 1992) calcium channels associated 
with neuion systems but has little or no effect on the muscle L-type calcium channel 
(Narahashi et al, 1987). This finding is an important observation because previous work 
by Clark et al, (1995) in conjunction with work by Symington et al, (1999a, 1999b) and 
the results presented here demonstrate that both pyrethroids and DDT affect the T-type 
calcium channel in Paramecium. The results also provide further corroborating evidence 
that the Paramecium voltage-sensitive calcium channel may have properties of most 
types of calcium channels. If this aspect is indeed true then the Paramecium voltage- 
sensitive calcium channel may have diverged evolutionarily into the T, N, P/Q and L- 
type calcium channels present in mammals. 
Although p, p’-DDT is able to stimulate PLC activity, we believe it is not a 
primary site of action. We came to this conclusion because p’ p’-DDT failed to elicit a 
significant change in PLC activity below 10 7 M eventhough p, p’-DDT was able to elicit 
significant mortality responses and increased Ca2+ influx at concentrations as low as 1010 
M. Table 6 presents the dose response relationship of deltamethrin on purified PLC 
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activity in the presence of GPy. The data demonstrates that the CS-syndrome pyrethroid, 
deltamethrin, was able to significantly increase PLC activity at concentrations as low as 
10'9 M. The effect of deltamethrin treatment on PLC activity are consistent with Ca2+ 
influx results observed by Symington et al. (1999). Overall, these findings establish a 
100-fold reduction in the effect of p’ p'-DDT compared with deltamethrin and show that 
G-proteins may be the primary site of action for deltamethrin but not p, p’-DDT. 
Table 6 
Dose Response Relationship of IR-Deltamethrin on Purified PLC Activity in the 
presence of Gpy. 
Treatment PLC Activity 
(fmol IP3/min/mg protein) 
S.E. t test 
Ethanol 17.45 1.8 _ _ _ 
1 R-deltamethrin (1 O'6 M) 88.3 1.4 <0.05 
lR-deltamethrin (10‘7 M) 70.9 0.9 <0.05 
1 R-deltamethrin (10 8 M) 55.6 3.9 <0.05 
1 R-deltamethrin (10'9 M) 31.2 3.0 <0.05 
Overall, we found that the DDT-induced mortality and Ca2+ influx did not 
correlate well with the membrane potential results. Significantly increased mortality and 
Ca2+influx were observed at concentrations up to 1CT10 M but no significant changes in * 
membrane potential was observed at concentrations below 10'7 M. Table 7 illustrates the 
dose response relationship of deltamethrin on membrane potential as measured by the 
fluorescent dye rhodamine 6G. This table presents data as reported in Symington et al., 
(1999) that shows the CS-syndrome pyrethroid, deltamethrin, is able to elicit significant 
changes in the membrane potential at concentrations as low as 10'10 M. The failure of 
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DDT to depolarize cells at concentrations below 10’7 M was expected because past 
research has shown that DDT and T-syndrome pyrethroids are poor at eliciting membrane 
depolarizations as compared to the CS- 
Table 7 
Dose Response Relationship of lR-Deltamethrin on Membrane Potential as Measured by 
the Fluorescent Dye, Rhodamine 6G. 
Treatment Membrane Potential 
[mV] 
S.E. t test 
lR-deltamethrin (10'7 M) 
-13.4 0.45 <0.05 
lR-deltamethrin (10'8 M) 
-15.3 2.1 <0.05 
lR-deltamethrin (10'9 M) 
-22.1 0.9 <0.05 
lR-deltamethrin (1010 M) 
-22.9 0.4 <0.05 
lR-deltamethrin (1011 M) 
-24.5 0.8 <0.05 
syndrome pyrethroids. The fact that DDT fails to elicit significant changes in the 
membrane potential at concentrations 1000-fold greater than deltamethrin gives strength 
to the contension that T-syndrome pyrethroids and DDT may be acting at a different site 
than the CS-syndrome pyrethroids 
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CHAPTER 5 
CONCLUSIONS 
The chlorinated hydrocarbon p, p’-DDT and its analogs elicit agonistic effects at 
voltage-sensitive calcium channels of Paramecium tetraurelia, a species that do not 
possess a voltage-sensitive sodium channel. With the present and previous reported 
evidence (Clark et aL, 1995; Symington et al., 1999b), P. tetraurelia appears suitable as a 
useful tool in biomonitoring of aquatic environments contaminated with insecticides such 
as DDT, pyrethroids and other possible calcium channel agonist and antagonist. It is also 
important to note that the two major metabolites of DDT found in the environment, DDD 
and DDE, are assayable by the methods presented. We found that both metabolites were 
able to elicit significant mortality, increased backward swimming and increased Ca2+ 
influx. We also found that the major estrogenic component of technical grade DDT, o, 
p’-DDT, failed to show significant effects at the voltage-sensitive calcium channel. 
With the implications of the Food Quality Protection Act (FQPA) by the USEPA, 
it is expected that pyrethroid use will increase greatly as registered organophosphate and 
carbamate insecticides are removed from the market place. Increase use of pyrethroids is 
likely to cause adverse effects on aquatic environments. Paramecium are extremely 
sensitive to low concentrations of p, p’-DDT and its analogs (this thesis) and pyrethroids 
(Symington, 2000). As previously stated, Paramecium are easily and cheaply reared and 
can be used in simple and rapid bioassays to assess effects of the insecticides. Thus, 
Paramecium can be used as sentinel species in aquatic environments that goes through 
periods of increased contamination influx (such as spring and fall recharge). Because of 
63 
the ability of DDT to bioconcentrate, bioaccumulate and biomagnify, it is important to 
evaluate its effects on a lower organism, such as Paramecium, in order to completely 
understand potential effects on higher organisms. As previously stated, Paramecium has 
a central role in detritus-based food chains. If Paramecium species are removed due to 
the toxic actions of these environmental contaminants, it is likely that this absence would 
have a detrimental affect on the diversity of higher organisms in aquatic food chains. 
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APPENDIX 
ABBREVIATIONS 
p, p -DDT - l,l,l-trichloro-2,2-di (4-dichlorophenyl) ethane 
p, p -DDD — 1,1-bis (p-chlorophenyl)-2,2-dichloroethane) 
p, p’-DDE - 1,1 -dichloro-2,2-bis(p-chlorophenyl) ethylene 
o, p -DDT - 1,1,1 -trichloro-2-(0-chlorophenyl)-2-(p-chlorophenyl) ethane 
o, p -DDD — 1,1 -dichloro-2-(p-chlorophenyl)-2-(o-chlorophenyl)ethane 
o, p’-DDE - 1,1 -dichloro-2-(p-chlorophenyl)-2-(o-chlorophenyl)ethylene 
[Ca2+]i - intracellular calcium concentration 
BSA - bovine serum albumin 
EGTA - ethyleneglycol-bis- (p-aminoethylether) N,N,N,N,’ -tetraacetic acid 
PIP2 — phosphotidylinositol 4,5 biphosphate 
IP3 - inositol triphosphate 
PLC - phospholipase C 
U73122 - l-[6-((17P-3-Methoxyestra-l,3,5(10)-trien-17-yl)amino)hexyl]-lH-pyrrole- 
2,5-dione 
Ga - alpha subunit of G-proteins 
gPy - beta-gamma subunit of G-proteins 
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